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INVENTION: Miniaturized Gas Sensors Featuring Electrical 
Breakdown in the Vicinity of Carbon Nanotube Tips 

CONVENTIONAL GAS SENSING TECHNIQUES 

Sensing gas molecules is critical to environmental monitoring, control of chemical processes, space 
missions as well as agricultural and medical applications. Existing electrical sensor materials are based on 
semi-conducting metal oxides 1 ' 3 , silicon devices 4-5 , organic materials 6 " and gas responsive polymers or 
ceramics 8 " 13 . To achieve high chemical sensitivity, semi-conducting metal oxide sensors must be operated 
at elevated temperatures (200 to 600° C) in order to achieve the required chemical reactivity between gas 
molecules and the sensor material 1 . This need for high temperature operation increases the device 
complexity and renders them unsuitable for real-time environmental monitoring. On the other hand, 
conducting polymers and organic semi-conductors are suitable for room temperature operation, but 
exhibit limited sensitivity 6 , and are characterized by very high resistivity (sample resistance >10 giga 
ohms 7 ). Because of these limitations there is a need to develop new "Enabling Materials" for gas sensing 
that will allow for operation at room temperature and atmospheric pressure and provide for high- 
sensitivity measurements and low response times. 

NANOTUBES AS MINIATURIZED CHEMICAL SENSORS 

The electrical conductance of semi-conducting carbon nanotubes changes sensitively at room temperature 
on exposure to several gases 14 " 18 due to charge transfer between adsorbed gas molecules and nanotubes. 
For example singlewalled nanotube (SWNT) samples are found to exhibit large increase in conductivity 
on exposure to oxygen 14 . Similarly hole doped (p-type) semi-conducting nanotubes exhibit three orders of 
magnitude increase 15 " 16 in conductance on exposure to 200 ppm of N0 2 with response times of 2-10 
seconds. On exposure to 1% NH 3 flow, the same nanotubes exhibited a two orders of magnitude 
decrease 15 " 16 in conductance with response time of 1-2 minutes. Since 0 2 and N0 2 are strong oxidizing 
agents, they attract electrons from the p-type SWNTs, thereby increasing the number of conducting holes. 
This hole (or p-type doping) shifts the Fermi level closer to the valence band causing increase m 
conductance. On the other hand, reducing agents such as NH 3 that inject electrons into p-type SWNTs 
reduce the number of holes, leading to reduced conductance (NH 3 interacts with SWNT surface through 
other species that act as linkers). It should be noted that the ability of gas species to donate or accept 
electrons from semi-conducting SWNTs is a necessaiy but not sufficient condition for influencing the 
nanotube electrical conductivity. The binding of gas molecules to the nanotube surface must also be taken 
into consideration; gas species that exhibit low adsorption energy 16 " 17 and poor diffusion kinetics may not 
be able to affect nanotube conductance. 

LIMITATIONS OF SWNT ELECTRICAL CONDUCTIVITY MEASUREMENTS 

The chemical sensitivity of semi-conducting nanotubes has created considerable interest in the research 
community regarding the potential application of nanotubes as miniaturized, affordable sensors. However 
there are many barriers to successful implementation of this technology: 

1) Nanotubes may not be able to distinguish one chemical or gas from another. For example, exposure to 
N0 2 causes an increase 15 in nanotube conductance. However as shown in Ref. 14 and 17, a similar 
increase in conductance could also be generated by exposure to a different oxidizing agent such as O2. 

2) It may not be possible to identify gases in a mixture and determine the relative concentrations of the 
component gases. Since nanotubes are sensitive to so many different types of chemicals, it is possible 
to combine different gases in different concentrations to yield the same net change in conductance. For 
example; exposure to 1% NH 3 causes a decrease 1516 in nanotube conductance of ~ 2x 10 , while 
exposure to 2 ppm of N0 2 causes an increase 15 " 16 in conductance of - 2x10 . Therefore a mixture that 
contains 2 ppm of NO2 and 1% NH 3 may not create any net change in the SWNT conductivity. 
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3) Conductivity measurements cannot be used to identify gas species that are unable to exchange charge 
with SWNTs For example an inert gas such as argon (Ar) cannot be identified by nanotubes, since Ar 
molecules are incapable of either donating or accepting electrons from semi-conducting SWNTs. 

4) It is not possible to identify gas species that are incapable of being adsorbed by nanotubes For 
example first-principles calculations 16 using density functional theory show that semi-conductmg 
SWNTs cannot sense carbon monoxide (CO) due to poor binding. These results are in agreement with 
experimental observations 16 . . _ , 

5) Conductivity changes that occur via physisorption are reversible" but require ~ 12 hours for complete 
recovery at room temperature; this process can be accelerated to ~ 1 hour by heating to 200 C in an 
inert Ar environment. However, if the adsorption mechanism is dominated by chemisorption (as is the 
case with certain gases" such as NH 3 ), then this leads to an irreversible change in nanotube electrical 
conductivity. In such cases, the sensor cannot be used repeatedly and has to be discarded after use. 

6) It is also well known that the electrical conductivity of SWNTs is exquisitely sensitive to changes in 
the environmental conditions such as moisture, temperature, residual charge build-up or contamination 
and this creates additional difficulties for reliable and repeatable sensing. 

PROPOSED CONCEPT 

We propose a novel concept for gas-sensing that could potentially overcome some of the limitations 
described in the previous section. The concept proposes a radical departure from conventional nanotube 
electrical conductivity measurements; we propose to take advantage of the extremely high electric fields 
that are generated near nanotube tips as a means of inducing electrical breakdown of the gas at ow 
voltages Fig. 1 shows a schematic of the proposed arc-discharge device. The control voltage is applied 
between the anode (MWNT film) and cathode (Al sheet). Since the nanotubes within the film are densely 
packed, inter-tube tunneling effects result in the aggregate MWNT-film behaving like a conducting sheet 
electrode Contacts can be established either on the surface of the film or via the substrate (e.g. for -fi ms 
crown on gold). The electric field 19 - 20 in vicinity of the nanotube tips can be represented as; E-V/R, 
where V is the applied voltage and R is the nanotube tip curvature. Our goal is to take advantage of the 
Txtremely small tip curvature of nanotubes (R~ 15 nm for MWNTs and R ~ 0.5 nm for SWNTs) to create 
very high non-linear electric fields near nanotube tips. This hastens the breakdown process due to 
formation of a "corona" or conducting filament of highly ionized gas that surrounds the MWNT tips. This 
promotes the formation of a 
powerful electron avalanche or 
plasma streamer that bridges the 
gap between the electrodes and 
allows for a self-sustaining inter- 
electrode arc discharge to be 
created at relatively low voltages. 
Lowering the device voltage is 
very important for safe operation 
of the gas sensor. Reduction in the 
operating voltage can also enable 
battery-powered operation; which 
holds the key for compact, 
affordable nano-electronic 
sensor development The novelty 
in the proposed approach lies in 
the innovative use of multi-walled 
carbon nanotube arrays to amplify 
the electric field near the electrode 

by imparting a nano-scale curvature to the electrode surface. 
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Hie proposed technique is extremely powerful because: 1) By monitoring the voltage at which the 
breakdown occurs, the gas can be identified; it is well established that at a constant temperature and 
pZTev^ gas has 8 a unique"" 22 breakdown electric field, 2) By monitomg the *el£su^ing 
Earge cuSenVlhe gas concentration can be determined, 3) Since all gases display 
breakdown response, any non-flammable gas (including inert species such as Ar), can be detected as 
closed to conductiCity measurements that are limited to gas species mat ^ brt ^f ,on ^"^ 
transfer with nanotubes, 4) Since this technique does not involve adsorpfaon/de^rpuon , of gas ><V»«eMto 
sensor displays fast response time and is not limited by considerations of r^ersibihty and 5) Th s 
approach can be extended to gas mixtures by limiting the volume of gas affected by the >on.^.on^ 
ensures that the gas being sensed does not get replenished as molecules breakdown and are ionized, 
allowing for continued sensing at higher voltages to detect the next gas m the mixture. 

DEMONSTRATION OF CONCEPT FEASIBILITY 

This section shows the technical feasibility of nanotube arc-discharge sensors. 



Fig. 2: Test set-up 
(MWNTs as anode) 



350 



500 
_ 450 

CO 

I 400 

CL 

I 
S 

| 300 
250 
| 200 
t= 150 



A) MWNT Electrodes vs. Metal Electrodes 

The MWNT film used for this test was developed by the 
catalytic chemical vapor deposition of xylene-ferrocene 
mixture precursor 3 " 2 * on SiO z substrate in Ar atmosphere 
at 800° C. Individual nanotube dimensions correspond to 
-30 nm outer diameter (R=15 nm), -10 nm of wall thickness, 
and -30 in length. Center-to-center distance between 
individual tubes in the films was determined to be ~ 50 nm. 
The device was tested in air (Fig. 2, 3) with anode-cathode 
separation of 1 50 tun. Continuous current discharge of 
460 uA was generated at 346 V. Tests were repeated with metal electrodes (no nanotubes were used) 
whilemaintaining the electrode separation as 150 pm. For this case breakdown of air occurred at 960 V 
with current discharge of 69 jiA. These 
extremely promising results indicate 
that by the novel use of MWNTs as 
the anode, the breakdown of air can be 
reduced from 960 V to 346 V (65% 
reduction), due to extremely high 
localized electric fields created near 
MWNT tips. The discharge current is 
Also increased from 69 |iA to 460 \xA 9 
(566% increase) leading to high 
sensitivity. We believe that this is 
related to the high density of MWNTs 
that constitute the surface of the 
electrode. There are literally billions of 
perfectly aligned tubes that decorate the 
substrate; such a consistent nano-scale 
roughness is unprecedented for metal 
electrodes. Each tip creates a localized 
plasma of highly ionized gas that 
extends out from the anode; greatly 
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Fig. 3: Effect of MWNT as electrode on breakdown of air 



increasing the net volume of conducting gas and consequently the discharge current 
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B) Identification of Gas Species 

_ . nrOR Aevlce witn MWNT film as anode was used to detect the identity of several gas species 
J^S^^MM. For 1. M sb™ i» .hi, secdc ft. -od^-ho* s^«n 
was maintained as 150 Jim. 
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Fig. 4: Breakdown voltages for different gas species 



The nanotube device was placed in an 
environmental chamber with electrical 
feed through. First, air was pumped out 
of the chamber to establish a vacuum 
(pressure: 10" 7 Torr). Next, the gas to be 
identified was released in a controlled 
fashion. Breakdown data was recorded 
over a wide range of gas concentrations 
(10* 7 to 10" 1 moles/litre). Fig. 4 shows 
the breakdown voltages of several gases 
at room temperature (300° K) and at a 
chamber pressure of 760 Torr, i.e. gas 
concentration of 4x1 0" 2 moles/litre. 
Note that each gas exhibits a distinct 
breakdown behavior; helium displays 
the lowest (164 V) and nitrogen shows 
the highest (390 V) breakdown voltage. 
Recent work 19 at the Xi'an Jiaotong 
University in China using nanotubes 

However t!re£ of gas concentration on the discharge properties has not been addressed so far. 
ioZdy this effect we have conducted testing of gas species at reduced pressures (F.g. 5, 6). 
Figure 5 shows the effect of 
concentration on the breakdown 
voltages of air, Ar and He. No 
significant change in the breakdown 
voltage is observed for different 
concentrations. This is somewhat 
contrary to Paschen's law for 
uniform electric field 22 , which 
predicts an increase in breakdown 
voltages at very low and very high 
values of pressure (the pressure is 
proportional to concentration for a 
fixed chamber volume). These results 
can be explained by the fact that 
breakdown in this case is strongly 
affected by highly non-linear electric 
fields near MWNTs, resulting in a 
pre-breakdown plasma that helps to 
bridge the electrode gap and reduces 
the sensitivity of breakdown voltage 
to pressure. Chir tests wit h nanotube 
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Fig. 5: Effect of gas concentration on breakdown voltage 
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arc discharge devices indicate that for a fixed inter-electro d e sparine, the breakdown voltage of each 
gas is unique and depends mainly on the electric field and is only weakl v affected bv concentration of the 
gas (this is valid over a wide ranee as shown in Fig. 5). There f ore bv simply monitoring the breakdown 
ygltage of the gas, its identity can be established. These results are repeatable and were verified by testing 
several samples. 



500 



Argon 




250 



C) Gas Concentrations 

Having determined the identity of 
the unknown gas, the next step 
involves the determination of the 
gas concentration. Fig. 6 shows the 
self-sustaining current discharge at 
breakdown for three different gas 
species; Ar, N2 and air. Note that 
the discharge current varies linearly 
with gas concentration. This trend 
is valid over a wide range of gas 
concentrations ranging from 
10" 7 to 10" 1 moles/litre. These very 
encouraging results demonstrate 
that the se l f-sustaining arc- 
discharge current generated at 
breakdown is a characteristic 
property of the number of gas 
molecules per unit volume 
that are available for conduction. This implies that by monitoring the self-sustaining discharge current 
generated at breakdown, the concentration of the unknown gas species can be established. 

FUTURE DEVELOPMENT 

The results shown in the previous section indicate that an arc-discharge device with MWNT film as the 
electrode can be used to detect the identity of an unknown gas and determine its concentration. However 
the voltage inputs needed to enable gas breakdown are in the range of 150-350 V. In order to enable 
battery-powered operation, it becomes necessary to bring the device operating voltages down to below 
100 V. To achieve this we propose to use single walled carbon nanotube arc discharge devices. 
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Fig. 6: Self-sustaining current discharge vs. gas concentration 



Fig. 7: SWNTs are grown between bridges (left image) or pillars (right image) of Si features on which a 
thin metal layer is deposited. We envision these bridges as the device electrodes. SWNT density can be 
varied, by changing the growth parameters. Separation between the bridges can also be varied via the 
mask used for lithography. The SWNTs can also be straightened, cut and manipulated using the 
Focused Ion beam (FIB) technique. 
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Singlewalled nanotubes (SWNTs) have much smaller diameters (1 nm) than MWNTs (30 nm) and 
because of their smaller dimensions the electric field in the vicinity of SWNT tips is expected to be far 
greater than MWNTs. Indeed in a related study 26 we have recently found that at a particular applied 
voltage, the electric field of carbon nanotube of similar length depends critically on the curvature of the 
nanotube, with over 30 times field enhancement predicted for SWNTs compared to MWNTs. 

Design of an SWNT based arc-discharge device is challenging because so far it has hot been possible to 
grow vertically oriented SWNTs on any type of substrate. On the other hand, horizontal networks of 
SWNTs can be grown between pre-patterned, metal deposited locations on Si substrate. We have made 
excellent progress in this, as can be observed in a typical image (Fig. 7) showing the growth of SWNTs. 
We envisage that once these networks are grown, they could be cut using a focused ion beam (FIB) to 
expose the cut, free ends of separated SWNT. When a voltage is applied across the electrodes (metal 
coated silicon features, Fig. 7), the broken ends (tips) would be connected by highly non-linear electric 
lines of force that could significantly reduce the breakdown voltages. 

To detect flammable gases we propose to develop an ionization micro-chamber (Fig. 8a) into which we 
inject, isolate and test a very small quantity of the mixture. All flammable species require a certain 
minimum concentration threshold of oxygen without which combustion cannot occur and the required 
oxygen concentration may not be available in the micro-chamber. Even if the flammable specie ignites 
the control volume is limited to a very small test sample and this eliminates any safety concerns 
associated with testing of the flammable specie. There are also several reasons why the ionization micro- 
chamber will improve sensor performance: 1) testing a small volume of gas improves fidelity and 
repeatability of results, 2) due to smaller control volume, the settling time and mixture diffusivity is 
better, and 3) the ionization micro-chamber lends itself to system miniaturization; we envision a device 
the size of a chip that includes the micro-chamber coupled to a controller that performs the impulse 
voltage scan and continuously monitors the current discharge responses. 




(a) (b) 
Figure 8. (a) Schematic of proposed ionization microchamber system and (b) Major fabrication steps for 
a CNT-silicon-glass-microchamber. 

Custom microfabrication allows for flexibility in design, while miniaturization offers the opportunity to 
develop small-volume chambers (e.g. 25 nanoliters for a 500 |xm x 500 pm x 100 \im chamber) with fast 
response time. Several designs with different chamber size, electrode size, electrode material and inter- 
electrode distance will be fabricated and tested. For the design shown in Fig. 8b, the top-side of the device 
carries the metal electrode and the gas inlet/outlet ports, while the bottom-side carries the nanotube 
electrode; inter-electrode gap is controlled by a spacer. The sides of the device are fabricated separately 
on two wafers that are bonded at the end. The MEMS microfabrication steps 1 to 8 (shown in Fig. 8b) 
employed to fabricate the CNT-silicon-glass-microchamber are: 
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1) Deposition (e.g. by electron beam evaporation) and patterning (e.g. by wet etehing with a Phtforesist 
of the metallic^ electrode on photosensitive glass substrate, 2) Patterning of ^e photos^ifave glass 
OTV exposure, heat treatment and HF etch) to define the gas inlet/outlet ports and toe via-trench for the 
topeSSrMetl electro-deposition will be used to partially fill the via-ttench, 3) Patterning (by lift- 
KftoTmetallic contact pads and contact lines for the top electrode, 4) Dep°*tton and patterning of 
Se spacer (e.g. SU-8 or AZ-4000 photoresist can be spin^oated at the desired thickness and patterned 
SngW limography). Alternatively this step can be skipped if a recess is etehed m the glass ; substiate 
oefore step 1, the recess acts as a spacer for desired inter-electrode distance, 5) Depositton (e g. by lx>w 
Pressure Chemical Vapor Deposition) and patterning (e.g. by Reactive Ion etching) of .thick (e.g. ~2 
Urn) SiO, film, and patterning of the via trench (KOH etching) for the CNT electrode, 6) Deposihot .and 
Serahig (e.g. by lift-off) of the metal film (gold) which serve as seed layer for die selective CNT 
growth, 7) Partial etching (HF-one side) of the Si0 2 layer underneath the metal fHm,m order to expose 
SeZn and to perform flectrodeposition of metal to partially fill the via-trendi. Next, metallic _co„*et 
pSs and contact lines are patterned for the CNT electrode, 8) selective deposition of nanotube film (we 
hTe tow nanotube patterning on Au substrates in our lab). In the final stage die two sides are bonded 
together and gas tubing is sealed to the gas ports. Bonding techniques include adhesive bonding or 
STbondlnl dependmg on the approach used to make the spacer. After wafer bondmg the m,cro- 
Samber w7 be w?re bonded to a cistern made carrier package which allows access of inlet and outlet 
gas^bTng^o me gas ports and electric access to the backside CNT electrode pads We will adapt existing 
X pTarriers for these purposes. The micro-chamber will be tested for gas permeability before performing 
2 breSL tests; polymer lid seal, or die coats will be employed if necessary to improve seal of the 



chambers. 



C-7 



REFERENCES 



1 . Special issue on gas sensing materials, MRS Bull. 24, 1 999. 

2. Y. Shimizu and M. Egashira, "Basic aspects and challenges of semiconductor gas sensors", 
MBS Bull. 24, 6, pp. 18-24, 1999. 

3 Y Takao, K. Miyazaki, Y. Shimizu and M. Egashira, "High ammonia sensitive 
semiconductor gas sensors with double-layer structure and interface electrodes", J. 
Electrochem. Soc. 141, 1028, 1994. 

4. H. M. McConnell et al., "The cytosensor microphysiometer: biological applications of silicon 
technology", Science, 257, 1906-12, 1992. 

5. A. Mandelis and C. Christofides, "Physics, chemistry and technology of solid state gas 
sensor devices", Wiley-Interscience, 1993. 

6. J. Miasik, A. Hooper and B. Tofield, "Conducting polymer gas sensor", J. Chem. Soc, 
Faraday Trans.l 82, 1 1 17-26, 1986. 

7 S Capone, S. Mongelli, R. Rella, P. Siciliano, L. Valli, "Gas sensitivity measurements on 
N0 2 sensors based on copper (H) tetrakis (n-butylaminocarbonyl) phlhalocyamne LB films , 
Langmuir (American Chemical Soc.) 15, 1748, 1999. 

8 H Endres, R. Hartinger, M. Schwaiger, G. Gmelch, and M. Roth, "A capacitive CO z sensor 
system with suppression of the humidity interference", Sens. Actuators B (Chemical), B57, 
pp. 83-87, 1999. 

9 M Lee and J. Meyer, "A new process for fabricating C0 2 sensing layers based on BaTi0 3 
and additives", Sens. Actuators B (Chemical), B68, pp. 293-299, 2000. 

10 S Matsubara, S. Kaneko, S. Morimoto, S. Shimizu, T. Ishihara and Y. Takita, "A practical 
'capacitive type CO z sensor . using Ce0 2 /BaC0 3 /CuO ceramics", Sens. Actuators B 

(Chemical), B65, pp. 128-132, 2000. 

11. J. Currie, A. Essalik and J. Marusic, "Micromachined thin film soUd state electrochemical 
C0 2 , NQi and S0 2 gas sensors", Sens. Actuators B (Chemical), B59, pp. 235-241, 1999. 

12. M. Longergan et al., "Array-based vapor sensing using chemically sensitive, carbon black-polymer 
resistors", Chem. Mater. 8, 2298-2312, 1996. 

13. M. Dresselhaus, G. Dresselhaus and P. Avouris, "Carbon nanotubes - synthesis, structure, 
properties and applications", Topics in Applied Physics, Vol. 80, 2001 . 



D- 8 



6. OW ^5 SO "41" J. » IE2002 



14. P. Collins, K. Bradley, M. Ishigaroi and A. Zetd "Extieme oxygen sensitivity of electronic 
properties of carbon nanotubes" Science 287, 1801-1804, Mar 10 2000. 

15 J. Kong, N. Franklin, C. Zhou, M. Chaphne, S Peng K. Che », and IE Dai, "Nanotube 
molecular wires as chemical sensors", Science 287, 622-625, Jan 28 2000. 

16 H Dai et al "Carbon nanotube chemical and mechanical sensors", ^ Mervatiorud 
WoSLt on StrucZal Health Monitoring, Stanford University, CA, Sept 11-14, 2001. 

17. K-G. Ong, K. Zeng and C. Grimes, "A wireless, passive carbon nanotube-based gas sensor", 1 
IEEE Sensors 2, 82-88, April 2002. 

™. jt n^in ar A "TWplonment of RF carbon nanotube resonant circuit 

18. S. Chopra, A. Pham, and J. G ^ a ^ ^S^TTmxSL of the IEEE International 
sensors for gas remote sensmg applications , In PJ^Jg L 01 me 

Microwave Symposium, Piscataway, NJ, Vol. 2, pp. 639-42, 2UU2. 

19. C. Zhu et al, "Study of discharge gas sensor with carbon nano^be", 

14th International Vacuum Microelectronics Conference, pp. 13-14, University or 
California, Davis, August 13-16, 2001. 

20 D Pinghu, and L. Baoming, "Study of a new gas sensor based on electiical conductance of 
gaseTifa high electric field", Chinese Journal of Scientific Instrument 19, 3, 1998. 

21. J. Meek and J. Craggs, "Electrical breakdown of gases", John Wiley and Sons, Ltd., 1978. 

22. M.Abdel-Salam et al., "High voltage engineering - Theory and Practice", New York: M. 
Dekker, 2000. 

23 Z Zhang B. Wei, G. Ramanath, and P. Ajayan, "Substrate-site selective growth of aligned 
' carbon na\iotubes", Appl. Phys. Lett., 77, 3764, 2000. 

24 B Wei Z. Zhang, G. Ramanath, and P. Ajayan, "Lift-up growth of patterned aligned carbon 
' nanotubes", Appl Phys. Lett., 77, 2985, 2000. 

9S J Drotar B Wei, Y. Zhao, G. Ramanath, P. Ajayan, T. Lu, and Wang "Reflection high- 
ene^ectron difftaction from carbon nanotubes", Phys. Rev. B, 64, 125417, 2001 . 

26 P Keblinski, S. Nayak, P. Zapol, and P. Ajayan, "Charging carbon nanotubes", paper 
accepted for publication in Phys. Rev. Lett., 2002. 



D-9 



